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ABSTRACT 

Thyroid hormone (3,5,3'-triiodothyronine, T3; L-thyroxine, T4) enhances cancer 
cell proliferation, invasion and angiogenesis via a discrete receptor located near the 
RGD recognition site on avB3 integrin. Tetraiodothyroacetic acid (tetrac) and its 
nanoparticulate formulation interfere with binding of T3/T4 to the integrin. This 
integrin is overexpressed in multiple myeloma (MM) and other cancers. MM cells 
interact with avP3 integrin to support growth and invasion. Matrix metalloproteinases 
(MMPs) are a family of enzymes active in tissue remodeling and cancer. The 
association between integrins and MMPs secretion and action is well established. 
In the current study, we examined the effects of thyroid hormone on myeloma cell 
adhesion, migration and MMP activity. 

We show that T3 and T4 increased myeloma adhesion to fibronectin and induced 
avB3 clustering. In addition, the hormones induced MMP-9 expression and activation 
via avp3 and MAPK induction. Bortezomib, a standard myeloma treatment, caused a 
decrease in activity/quantity of MMPs and thyroid hormone opposed this effect. RGD 
peptide and tetrac impaired the production of MMP-9 in cell lines and in primary BM 
cells from myeloma patients. 

In conclusion, thyroid hormone-dependent regulation via avB3 of myeloma 
cell adhesion and MMP-9 production may play a role in myeloma migration and 
progression. 



INTRODUCTION 

Multiple myeloma (MM) is a plasma cell neoplasm 
that primarily affects elderly patients [1]. MM is 
characterized by the accumulation and localization of 
malignant plasma cells in the bone marrow (BM), leading 
to disordered hematopoiesis. Despite significant progress 
in the management of MM with bortezomib and other 
novel therapeutic agents, this disease remains highly 
refractory to therapy [2]. 



Growing evidence has suggested that the 
aggressiveness of MM cells and resistance to 
chemotherapy is partly governed by cellular adhesion 
between the MM cells and BM stromal cells (BMSCs) 
as well as extra cellular matrix (ECM) proteins, leading 
to growth, proliferation and invasion of the malignant 
clone[2, 3]. The progression and homing of MM cells 
to the BM is facilitated by the proteolytic degradation 
of ECM proteins and BM components by a family of 
matrix metalloproteinases (MMPs) [4]. MMP-9 is one 
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of the most important members of the family and is 
constitutively active in both human and murine MM cells, 
contributing to cell growth, invasion, angiogenesis and 
bone degradation [5-8]. The activation of MMP-9 is not 
regulated by interleukin-6 (IL-6), the major myeloma cell 
growth factor, or by other cytokines involved in multiple 
myeloma [7]. 

It has recently been shown that integrin-mediated 
cell interaction with matrix molecules, particularly 
fibronectin, is the strongest inducer of MMP's production 
and activation in cells of lymphoid origin[9, 10]. Integrins 
are a family of cell surface receptors that take part in the 
interactions between BMSCs, ECM proteins and the MM 
cells. Among these integrins, avP3 plays a pivotal role in 
MM, engaging in adhesion, invasion and migration [11- 
13]. We have recently shown that thyroid hormone, via a 
novel receptor on the ocvp3 integrin[14] that is proximal 
to the RGD recognition site, acts as growth factors in 
MM [15]. Tetraiodothyroacetic acid (tetrac) and its 
nanoparticulate formulation (tetrac -NP) are selective T4/ 
T3 blockers at the avP3 integrin site 1617 . In the current 
work we were have pursued the effects of the hormones 
on adhesion, migration and MMP-9 production — and 
possibly to block these actions — in myeloma cell lines 
as well as in primary bone marrow cells from myeloma 
patients. We found that thyroid hormone increase plasma 
cell adhesion to fibronectin and RGD and to increase cell 
migration and MMP-9 activation. Moreover, the hormone 
opposed MMP-9 reduction by bortezomib. These actions 
are regulated via the avP3 integrin and are MAPK- 
mediated. Disruption of the thyroid-integrin signaling 
by use of RGD or tetrac, a specific blocker of the thyroid 
hormone binding site upon the integrin[16, 17], impaired 
the production of MMP-9 in myeloma cell lines and 
primary BM cells from myeloma patients. 

RESULTS 

Thyroid hormone increases MM cell adhesion and 
migration 

The RGD sequence is the cell 
attachment site of a large number of adhesive 
extracellular matrix proteins, including fibronectin. The 
interaction of myeloma plasma cells with these proteins 
is involved in migration of the malignant clone. The 
regulation of adhesion and migration by thyroid hormone 
was previously reported in normal physiological processes 
[18-21] and cancer [22, 23], but has not been implicated in 
multiple myeloma. 

In order to assess whether T3 and T4 could modulate 
interactions between myeloma cells and fibronectin/RGD, 
CAG myeloma cells (100,000/96-well plate) were grown 
overnight under serum-free conditions and treated with 



T3 (1 nM) or T4 (100 nM) overnight. The next day, the 
cells were collected and an equal number of cells were 
seeded on fibronectin/RGD pre-coated plates for 30 min 
and the number of adhered cells was assessed. BSA- 
coated wells served as negative control. Results (Figure 
1A) indicate that T3 and T4 increased cell adhesion 
to RGD by 24% and 44% (p< 0.05), respectively. This 
effect was further enhanced in fibronectin coated wells 
by 66% (p< 0.05) following T3 treatment and by 98% 
(p< 0.005) in T4 treated cells. Representative images 
from fibronectin-coated wells are depicted in Figure IB. 
The cells were further stained by PE-conjugated ocvp3 
integrin antibody (LM609) and by a nuclear dye (Hoechst 
33342). Representative results (Figure 1C) indicate that 
T3 and T4 increase avP3 abundance on fibronectin- and 
RGD-adhered cells. Next, to study the effect of thyroid 
hormones on directional cell migration in vitro, a scratch 
wound healing assay was conducted (Figure ID). CAG 
cells (100,000/96-well plate), under seavm-free conditions, 
were plated and a gap in the cell monolayer was created. 
Fresh T3 (1 nM) or T4 (100 nM) was added every day 
for 24-96 h. Images were captured by light microscopy 
equipped with a camera, at the beginning (0 hours) and at 
regular intervals during cell migration to close the wound 
(24, 48, 72h). The gap borders throughout the experiment 
are marked by white dashed lines. Cell migration and 
growth towards the center of the gap, thereby filling up the 
gap, was observed in T3 and T4 treated cells and occurred 
on a time-dependent basis. In untreated cells, a lower 
migration rate was seen. To further facilitate visualization 
of closure of the gap borders, cells from the same 
experiments, after 96h of incubation, were stained for cell 
nucleus (Hoechst 33342) and actin filaments (Phalloidin) 
and imaged using a fluorescent microscope. While the 
gap borders remained almost at their original width 
in untreated cells, closure of the gap borders following 
treatments with both hormones was observed (Figure IE). 

Thyroid hormone induces MMP-9 expression, 
protein level and activation via avp3- MAPK 
pathway in MM cells 

Migration of MM cells involves proteolytic 
degradation of ECM proteins by MMP's, primarily 
MMP-9. We determined the effect of thyroid hormone 
on MMP-9 expression, secretion and activation. CAG 
cells were seeded (100,000/96-well plate) under serum- 
free conditions for 24 h and treated overnight with T3 ( 1 
nM) or T4 (100 nM) in triplicate. Cells were collected for 
RNA extraction and results (Figure 2A) show a significant 
(p< 0.005) increase in MMP-9 mRNA expression by T3 
(1.54-fold) and T4 (1.4-fold). Next, MMP-9 protein levels 
were measured in the conditioned medium of the cells. 
The pro enzyme MMP-9 (92kD) is cleaved, yielding 
active enzyme at 88 kD. CAG cells were treated overnight 
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Figure 1 : T3 and T4 increase MM cell adhesion and migration. CAG cells ( 1 00,000/96-well plate) were incubated in serum- free 
media overnight with T3 (1 nM) or T4 (100 nM) and seeded on BSA/RGD/fibronectin pre-coated plates for 30 min. Cells were (A) counted 
(% of control), (B) visualized and (C) stained for av(33 expression. Scratch wound healing assay in response to T3/T4 for 24-96 h was (D) 
visualized and (E) stained for cell nucleus (blue) and actin filaments (green) after 96 h. Experiments were repeated twice in triplicates. 
*p<0.05, **p<0.005. 
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Figure 2: T3/T4 increase MMP-9 mRNA expression, protein level and activation via the MAPK pathway and oppose 
bortezomib. CAG cells (1 00,000/96-well plate) were incubated in serum-free conditions overnight with T3 (1 nM) orT4 (100 nM) in the 
presence/absence of U0126 (1 (iM), LM609 (0.1 (ig/mL) and bortezomib (25 nM) and evaluated for (A) MMP-9 mRNA by real-time PCR. 
Results were repeated 4 times in duplicate and expressed as fold-change (2" AACt ) relative to control cells. (B-F) MMP-9 protein level was 
measured by western blots and activation by gel zymography. Experiments were repeated at least twice in duplicate. Results are presented 
as fold of control (average ± SD), *p<0.05, **p<0.005. 
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in triplicates with the hormones in the presence/absence 
of O.lug/mL avp3 blocking antibody (Clone LM609). 
Concentrated conditioned medium samples were loaded 
in two parallel gels and developed together. Results 
(Figure 2B), from representative lanes (skipping lanes are 
clearly marked by separating lines), indicate a significant 
increase in the 88kD active form of MMP-9 in response 
to T3 (1.66-fold, p<0.005) or T4 (1.74-fold, p<0.05) in 
comparison to untreated cells. A significant reduction to 
0.65 (p<0.005) was observed when the cells were treated 
with the hormones in the presence of ocvP3 blocking 
antibody, indicating involvement of the integrin. The next 
step was to evaluate the effect of T3 (1 nM) or T4 ( 1 00 
nM) on MMP-9 activation by performing gel zymography 
in two MM cell lines, CAG (Figure 2C, left panel) and 
RPMI-8226 (Figure 2C, right panel). An increase in the 
active form of MMP-9 (88kD) was evident in both cell 
lines. In CAG, 1.3-fold increase by T3 and 1.51 -fold by 
T4 (p<0.005) was documented and 1.3-fold increase by 
T3 and a significant 2.3-fold increase by T4 (p<0.005) 
were observed in RPMI-8226 cells. An increase in the pro- 
dimer MMP-9 ( 1 80kD) was also observed. Comparable 
results were obtained in the ARK cell line (data not 
shown). In order to assess whether thyroid hormones- 
induced MMP-9 is MAPK dependent, CAG cells were 
treated with the hormones in the presence or absence of 
the MEK1/2 inhibitor, U0126 (1 nM). Results (Figure 
2D) indicate that the induction of active MMP-9 protein 
by T3 and T4 was significantly reduced (p<0.005) in the 
presence of the MAPK inhibitor. Similar results were 
obtained in RPMI-8226 cells (data not shown). Next, 
we examined whether thyroid hormone may antagonize 
the effect of bortezomib (25 nM) on MMP-9 level and 
activation. CAG cells were incubated overnight with 
bortezomib (25nM) in the presence or absence T3 ( 1 nM) 
or T4 (100 nM). Bortezomib reduced MMP-9 activation 
to 0.6 (Figure 2E) and protein level to 0.15 (Figure 2F) 
which were significantly antagonized (p<0.005) in the 
presence of either hormone. Similar results were obtained 



in RPMI-8226 and ARK cells (data not shown). 

Thyroid hormone activation of MMP-9 is down- 
regulated by RGD peptide 

After demonstrating that thyroid hormone induces 
MMP-9 activation via the avP3 integrin, we attempted to 
block this effect. As the hormone-binding site upon the 
avP3 is near the RGD-recognition site and by using RGD 
peptide the binding of the hormones to the integrin was 
allosterically blocked [14, 24], we used RGD tri-peptide 
to hinder the effects of the hormones on MMP-9. CAG 
cells were treated overnight with T3/T4 ( 1 nM and 1 00 
nM, respectively) in the presence or absence of several 
RGD or negative control RGD concentrations (500 nM, 
1 uM and 10 uM). Conditioned medium was collected, 
concentrated and tested for MMP-9 enzymatic activity by 
gel zymography. MMP-9 activation by T3 was blocked by 
25% at the highest concentration of RGD (Figure 3 A) and 
T4-induced MMP-9 activation was significantly reduced 
by 15-40%, in a dose-dependent manner (p< 0.05). 
RGD peptide induced MMP-9 activation at nanomolar 
concentrations. As expected, RGE peptide, used as a 
negative control in the same experiment (untreated control 
cells are depicted in Figure 3 A, lane 1), did not block 
thyroid hormones-mediated MMP-9 activation (Figure 
3B). Similar results were observed in RPMI-8226 cells 
(data not shown). 

Tetrac, a selective T3/T4-avp3 antagonist, blocks 
MMP-9 expression and activation 

Tetrac was previously shown to block the thyroid 
hormones-avP3 axis in various tumor models including 
myeloma[15]. We were therefore interested in examining 
the effect of tetrac on MMP-9 activity and whether it can 
block thyroid hormones-induced MMP-9 activation. CAG 
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Figure 3 : Thyroid hormone-induced MMP-9 activation is blocked by RGD peptide, but not RGE. CAG cells ( 100,000/96- 
well plate) were incubated under serum-free conditions overnight with (A) RGD or (B) RGE at several concentrations (500 nM, 1 \iM 
and 10 uM) in the presence or absence of T3/T4 (1 nM, 100 nM). Conditioned medium was evaluated for MMP-9 activation by gel 
zymography. Experiments were repeated twice in duplicate. 
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cells were treated with increasing tetrac concentrations (1 
uM, 10 \iM and 50 uM) for 24-48 h and gel zymography 
was performed on the conditioned medium. Results 
indicate that tetrac effectively blocked MMP-9 activity 
in a dose- and time-dependent manner (Figure 4A). Next, 
CAG cells were treated with tetrac (100 nM and 1 \iM) 
with/without T3 (1 nM) or T4 (100 nM) and RNA was 
extracted after an overnight incubation. Real-time PCR 
results revealed that, at both 1 00 nM and 1 (j.g, tetrac alone 
or in the presence of agonist thyroid hormones (T4 or T3), 
inhibited MMP-9 mRNA expression (Figure 4B). The 
inhibitory effect of tetrac on MMP-9 was further examined 
by gel zymography in CAG cells treated overnight with 
tetrac (100 nM, 1 uM and 10(xM) in the presence of T3 (1 
nM) or T4 (100 nM). Conditioned medium samples were 
loaded in two parallel gels which were run and developed 
together. Results (Figure 4C), from representative lanes 
(skipping lanes are clearly marked by separating lines), 
demonstrate that, in a dose-dependent manner, tetrac 
effectively blocked MMP-9 activation by the hormones 
(Figure 4C). Similar results were obtained in RPMI-8226 
cells (data not shown). In a parallel set of experiments, the 
inhibitory effect of tetrac on MMP-9 activity was observed 
under serum-containing conditions in various myeloma 
cell lines (Supplementary Figure 1). 

The effect of tetrac and tetrac nanoparticle on 
MMP-9 activation in primary cells from myeloma 
patients 

Next, we examined the effects of tetrac and tetrac - 
NP on MMP-9 activity in primary cells from myeloma 



patients. Bone marrow (BM) aspirates were obtained 
from 12 MM patients, 11 newly diagnosed and 1 at disease 
relapse (supplementary Table 1). Mononuclear cells 
(MNC) were separated by Ficoll-paque and the percentage 
of plasma cells (CD-138 positive) was determined by flow 
cytometry (supplementary Table 1) and ranged from 15- 
96% (average 56 ± 27). Cells were treated with 100 nM 
and 1 |jM tetrac and tetrac -NP for 72-96 h and conditioned 
medium was collected, concentrated and examined by 
gel zymography. MMP-9 activity in each sample was 
calculated as percentage from untreated cells (assigned a 
value of 1 by definition, marked by a dashed line in Figure 
5). Tetrac (Figure 5A) reduced MMP-9 activity below the 
control level in 6 of 9 examined samples, while tetrac-NP 
(Figure 5B) inhibited MMP-9 activity in 6 of 7 samples. 
No effect on MMP-9 activity and protein level was shown 
by both agents in control primary MNC (Supplementary 
Figure 2). 

The effect of bortezomib alone or in combination 
with tetrac/tetrac-NP on MMP-9 activity in 
primary cells from myeloma patients 

Lastly, we evaluated the effect of bortezomib on 
MMP-9 activity as a single agent or adjunct to tetrac/ 
tetrac-NP. MNC from the BM of nine patients were 
treated with bortezomib (25 nM) for 72-96 hours under 
serum-containing media. A reduction in MMP-9 activity 
by bortezomib was observed in four samples (Figure 
5C, white circles). Next, six of the samples were co- 
treated with bortezomib and 100 nM tetrac (Figure 5C, 
black squares) and four with tetrac-NP ((Figure 5C, 
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Figure 4: Tetrac blocks thyroid hormone-induced MMP-9 expression and activation. CAG cells (100,000/96-well plate) 
were incubated in serum free conditions (A) for 24-48 h with tetrac (1-50 uM) or for 24h in the presence of tetrac (100 nM-10 uM) with/ 
without T3 (1 nM) or T4 (100 nM) and evaluated for (B) MMP-9 mRNA by real-time PCR expressed as fold-change (2" AAC ') relative to 
control cells and by (C) Gel zymography. Experiments were repeated twice in duplicate. *p<0.05, **p<0.005. 
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grey triangles). For both tetrac and tetrac-NP, results 
from different BM samples were heterogeneous, with 
an additive effect in some samples while antagonism in 
others. In details, in four samples (BM's #3/4/6/7) MMP- 
9 activity was reduced in the presence of the combined 
treatment, while no effect (BM#1) or an antagonistic 
effect (BM#5) was documented. Tetrac-NP, when 
combined with bortezomib, further inhibited MMP-9 
activity in three samples (BM's #7/10/11), while in the 
fourth sample (BM#12) an antagonistic effect was shown. 
Representative zymography results from cells treated with 
tetrac with/without bortezomib showing synergism (Figure 
5D, upper panel) or antagonism (Figure 5D, lower panel) 
are presented. Similar representative results are shown for 
tetrac-NP with/without bortezomib showing synergism 
(Figure 5E, upper panel) or antagonism (Figure 5E, lower 
panel). 

DISCUSSION 

In our myeloma experimental model, thyroid 
hormone increased adhesion to fibronectin and RGD, 
and enhanced cell migration in a wound healing assay. 
The regulation of adhesion and migration by T3 [18- 
21] and by T4 [25], was previously reported in normal 



physiological processes. However, data regarding their 
involvement in cancer cell adhesion is limited [22, 23] 
with no reports in multiple myeloma. The interaction of 
myeloma plasma cells with fibronectin was reported to 
be via engagement with avp3 integrin [12] and proposed 
as a novel mechanism for their invasion and spreading. 
This integrin was recently shown, by our group, to be 
upregulated in MM cells treated with T3 and T4 [15]. 
In accord with these observations, we now show that 
the increased adhesion to fibronectin and RGD by the 
hormones coincides with avp3 clustering upon the MM 
plasma cells. 

A role for the avP3 integrin in the production of 
MMP-9 in myeloma has been reported [9, 12, 26]. This 
enzyme has a central role in myeloma adhesion, motility 
and invasion [5, 7, 12, 27-29]. In recent years thyroid 
hormones involvement in MMP regulation was recognized 
in normal tissues[18, 30, 31], amphibian development [32] 
and cancer [33, 34], but not in myeloma. We therefore 
investigated the effects of thyroid hormones on MMP-9 
production in this disease and found that thyroid hormones 
enhance MMP-9 transcription, protein secretion and 
enzymatic activity via the avP3 integrin. This MMP- 
9 activation was dependent on ERK phorphorylation, 
as in previous reports [5, 29, 35]. Our current work 
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Figure 5: The effect of tetrac and tetrac-NP on MMP-9 activity in primary cells from myeloma BM. Mononuclear cells 
(MNC) from 12 MM patients BM's were collected, seeded (100,000/96-well plate) and incubated for 72-96 h with 100 nM and 1 |iM of 
(A) tetrac or (B) tetrac-NP (C) or combined with bortezomib (25 nM) and evaluated for MMP-9 activation by gel zymography. (D-E) 
Representative gels from selected patients. Experiments were quantified twice and presented as -fold of control (average ± SD). *p<0.05, 
**p<0.005. 
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demonstrates a novel effect by thyroid hormone via the 
avP3-MAPK axis, a pathway which has been shown to 
mediate the mitogenic effects of the hormones in myeloma 
[15]. 

Given the relevance of MMPs to cancer progression, 
several MMP inhibitors are under clinical studies [36]. 
The proteasome is a major cellular protease complex that 
controls the concentration and turnover of molecules in 
ECMs, including MMPs [37]. The down-regulation of 
MMP-9 protein levels by bortezomib, the first proteasome 
inhibitor in the clinic, has been documented in lung cancer 
[38], squamous cell carcinoma [39], bladder carcinoma 
[40], breast cancer cells [41]and myeloma cells [42]. The 
inhibition of MMP-9 by bortezomib may be due partly to 
blocking of the activation and nuclear translocation of NF- 
kB , which was reported to regulate MMP-9 transcription 
[43]. We present for the first time in myeloma cells that 
the inhibition by bortezomib of the secreted and activated 
form of MMP-9, an effect that is antagonized by T3 and 
T4. 

Overall, our novel findings suggest that thyroid 
hormones might have pleiotropic effects in the process 
of MM cell trafficking and homing. Therefore, disruption 
of the thyroid hormones-integrin-MMP-9 signaling may 
be of importance in myeloma treatment. The effects 
of two avp3 blockers, RGD tri-peptide as well as the 
specific antagonist tetrac, were studied in myeloma. RGD 
exhibited a differential effect on thyroid hormone-induced 
MMP-9 activation. This sub-specialization was previously 
reported with regard to MAPK and viability [15] and may 
be due to the existence of two distinctive binding domains 
for T3 and T4 at the receptor for thyroid hormone on 
avp3 integrin [24]. In our experimental assay RGD, at 
low nanomolar concentrations, greatly induced MMP-9 
activity. This agonistic activity by RGD coincides with 
previous report indicating stimulation of tumor growth and 
angiogenesis at low nanomolar concantrations[44]. Tetrac 
effectively disrupted MMP-9 induction and release by both 
hormones. This agent has been shown previously to inhibit 
additional MMP family members (MMP- 15 and MMP- 19) 
and induce tissue inhibitor of metalloproteinase (TIMP) 
in an angiogenic model [45]. MMP inhibitory activity 
was also shown by resveratrol [46], for which there is a 
specific receptor proximal to the thyroid hormone/tetrac 
binding site on avP3 [47-49]. 

In an attempt to demonstrate direct effects on 
malignant cells with relevant impact on their relationship 
with the surrounding milieu, tetrac and its nanoparticulate 
formulation (tetrac -NP) were also examined in 
mononuclear cells from MM bone marrow samples. Our 
results indicate that tetrac and tetrac -NP, at low molar 
concentrations, effectively blocked MMP-9 production 
in the majority of samples examined while no effect was 
observed in a control BM sample. When we examined 
whether tetrac can be combined with bortezomib, results 
from different BM samples were heterogeneous, with an 



additive effect in some samples and antagonism in others. 
Whether tetrac could be combined with bortezomib or 
other anti-myeloma drugs, is under active investigation. 

To conclude, we have examined the role of thyroid 
hormones on multiple myeloma cell adhesion, migration 
and MMP-9 secretion. We demonstrated that thyroid 
hormones promote the adhesion of myeloma cells and 
that this interaction triggers clustering of avP3 integrin 
and the biosynthesis of the matrix degrading enzyme, 
MMP-9. The thyroid hormone-dependent regulation of 
MMP-9-integrin interactions defines a novel mechanism 
that may play a role in myeloma cell migration and disease 
progression. 

METHODS 



Cell lines and primary cells 

MM cell lines CAG (established at the Arkansas 
Cancer Research Center from bone marrow aspirates of 
patients with MM) and RPMI-8226, U266 (CCL 155 
and TIB-196, respectively, ATCC; Rockville, MD, USA) 
were maintained in RPMI 1640 medium supplemented 
with 10% heat-inactivated FBS/antibiotics. Bone marrow 
(BM) aspirates were obtained upon written consent from 
12 MM patients (Supplementary Table 1) treated at the 
Meir Medical Center (51-89 years old). The Meir Medical 
Center Helsinki committee approved this study (#0205- 
12-MMC). 11 samples were taken at diagnosis and one 
during disease relapse. Another sample served as control 
and was taken from a patient with an infectious disease 
and without any bone marrow involvement. The BM 
mononuclear cells (MNC) were isolated by Ficoll-Paque 
gradient centrifugation per the manufacUirer's instructions 
(Sigma-Aldrich, St. Louis, MO, USA). Percentage of 
plasma cells (CD-138+) and their isotype was evaluated 
by flow cytometry. For experiments, the cells were seeded 
in 96-well plates (100,000 cells/well) in serum-containing/ 
free RPMI 1640 medium and treated with T3 (1 nM), T4 
(100 nM), tetrac or tetrac-NP (100 nM-100 uM) with or 
without bortezomib (25 nM) for 24-96 h. 

Reagents and chemicals 

T3, T4 and tetrac (Sigma-Aldrich, St. Louis, 
MO, USA) were dissolved to 1 mM in KOH-PG (final 
concentration of 0.04 N KOH with 0.4% polyethylene 
glycol (vol/vol). RGD/RGE peptides (Sigma) were 
dissolved to lOOmM in PBS). Bortezomib was obtained 
from the oncology pharmacy at Meir Medical Center. 
Vehicle control was used in each experiment. APC- 
CD138 antibodies (clone B-B4) were from Miltenyi 
Biotec, Bergisch Gladbach, Germany. avP3 (LM609 
unconjugated/PE) monoclonal antibody was from 
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Chemicon International, Harrow, UK. U0126 was 
purchased from Cell Signaling Technology, Danvers, MA, 
USA and MMP-9 antibody (#3852) was obtained from 
Cell Signaling (Boston, MA, USA). 

Adhesion assay 

For adhesion assays 96-well plates were pre-coated 
for 30 minutes with fibronectin (15 (xg/mL), RGD (2.5 
|ig/mL) or BSA (10 |xg/mL), washed twice with PBS 
and blocked for 30 minutes in BSA (2mg/mL). CAG 
cells were seeded (100,000 cells/24-well plate) under 
serum-free conditions for 24 hours before the addition of 
T3 (1 nM) or T4 (100 nM) for an overnight incubation. 
Afterwards cells were collected, counted and an equal 
number of cells were re-seeded for 30 minutes in 37°C in 
the pre-coated plates (5 0,000/9 6- well plate). Unattached 
cells were washed twice with PBS and adhered cells were 
stained with Hoechst 33342. Cells were visualized by a 
florescent microscopy equipped with a camera (Model 
1X71, Olympus, Hamburg, Germany) with a 20X/0.50 
objective lens and Cell A A (Version 3.1) Olympus software 
imaging. 

Immunofluorescence 

Treated cells were fixed and permeabilized 
with 0.1% Triton x-100 for 5 min at room temperature 
and then incubated with Alexa Fluor 488- labeled 
Phalloidin (A12379, Molecular Probs, Inc, OR, USA ) 
and PE-conjugated avp3 antibody (LM609, Chemicon 
International). Hoechst 33342 was used for nuclear 
staining (Sigma-Aldrich). Cells were visualized by a 
fluorescent microscopy equipped with a camera (Model 
1X71, Olympus, Hamburg, Germany) with a 20X/0.50 
objective lens and Cell A A (Version 3.1) Olympus software 
imaging. 

Wound healing assay 

CAG cells were seeded (100,000 cells/96-well 
plate) and starved for 48 h in serum-free media. Each 
well was scratched in the middle and T3 (1 nM) or T4 
(100 nM) were added for 0, 24, 48, 72 and 96 h. Cells 
were visualized by light and florescent microscopy 
equipped with a camera (Model 1X71, Olympus, 
Hamburg, Germany) with a 20X/0.50 objective lens 
and Cell A A (Version 3.1) Olympus software imaging 
at each time point. After 96 h, cells were fixed with 4% 
paraformaldehyde and permeabilized with 0.2% Triton 
x-100 for 5 min. 1% BSA was used for blocking, followed 
by Hoechst and Phalloidin staining. 



RNA extraction and cDNA synthesis 

RNA was extracted using NucleoSpine RNA II kit 
(Macherey-Nagel, Diiren, Germany) according to the 
manufacturer's instructions and eluted in 40 (xL RNase 
free water. RNA concentration and purity were measured 
using NanoDrop™ 1000 Spectrophotometer (Thermo 
Scientific, Wilmington, DE, USA). RNA (200 ng) was 
reverse-transcribed using High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Carlsbad, CA, 
USA), according to manufacturer instructions. 

Real-Time PCR 

MMP-9 mRNA levels were measured by Real- 
Time PCR (7500 Fast system, Applied Biosystems, 
Carlsbad, CA, USA), using Fast Sybr Green Mix (Applied 
Biosystems). Results, normalized to actin beta, were 
calculated as fold change using the comparative threshold 
cycle method (2 AACT ) relative to control cells (i.e., 
controls are assigned a value of 1 by definition). Primers 
(Hylabs, Israel) were designed (Primer-Express software, 
Applied-Biosystems) in different exons in order to elimi- 
nate DNA contamination. 

MMP-9 forward primer: 

GCCACTACTGTGCCTTTGAGTC and MMP-9 reverse 
primer: CCCTCAGAGAATCGCCAGTACT. 

Actin beta forward primer: 

CCTGGCACCCAGCACAAT and actin beta reverse 
primer: GCCGATCCACACGGAGTACT. 

Western blotting 

Equal numbers of MM cells were seeded and 
treated, then equal volumes of conditioned medium from 
each experiment were collected and 12-fold concentrated 
by centrifugal filter devices for proteins with molecular 
weight over 30kD (Amicon Ultra, Millipore). Half of 
the concentrated supernatant (20 uL) was separated 
on 10% polyacrylamide gels and analyzed by western 
blot, using above indicated primary antibodies and 
appropriate secondary HRP-conjugated antibody 
(Jackson ImmunoResearch Laboratories, West Grove, 
PA, USA). Immunoreactive proteins were detected by 
chemiluminescence reagents (Beit-Ha'emek, Israel). 
Ponceau (Sigma Aldrich) was used for quantitation to 
normalize the proteins loaded onto the membrane. Band 
intensity was visualized and quantified using LAS-3000 
(FujiFilm, Japan). 

Gelatin Zymography 

The activity of MMP-9 was analyzed by gelatin 
zymography. Equal numbers of MM cells in sub- 
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confluent culture conditions (about 70 - 80%) were 
incubated with the different treatments for the indicated 
times. Equal volumes of supernatant (500 |aL) were 
collected and concentrated 12-fold by centrifugal filter 
devices for proteins with molecular weight over 30kD 
(Amicon Ultra, Millipore). Half of the concentrated 
supernatant (20 |aL) was taken for gel zymography and 
were electrophoresed under non-reducing conditions 
on 10% SDS -poly aery lamide gels impregnated with 1 
mg/mL of gelatin before casting. Gels were washed for 
30 min in 2.5% Triton X-100 to remove the SDS, then 
incubated overnight at 37°C in digestion buffer (50 mM 
Tris-HCl and 10 mM CaC12, pH 7.4). Gels were stained 
with Coomassie Blue (R250) for 30 min and destained 
with methanol:acetic acid:water (50:10:40). Areas of 
protease activity appeared as clear bands on a dark blue 
background. Band intensity was visualized and quantified 
using LAS-3000 (FujiFilm, Japan) and normalized to for 
18hat37°C. 

Statistical analysis 

Experiments were analyzed using Student's 
unpaired t-test for significance (p< 0.05) and results are 
presented as average±SD. 

ACKNOWLEDGMENTS 

We would like to thanks Joseph Rinberg for his 
valuable assistance with the zymogram assays and Dr. 
Talya Mizrachi-Dagry and Rachel Schickler for their 
technical support and help in the collection of myeloma 
bone marrow samples. This work was partially supported 
by the Israel Cancer Research Fund (ICRF). The work 
of Keren Cohen was done in partial fulfillment of the 
requirements for a Ph.D. degree from the Sackler Faculty 
of Medicine, Tel Aviv University, Israel. 

REFERENCES 

1. Palumbo A, Rajkumar SV, San Miguel JF, Larocca A, 
Niesvizky R, Morgan G, Landgren O, Hajek R, Einsele 
H, Anderson KC, Dimopoulos MA, Richardson PG, Cavo 
M, Spencer A, Stewart AK, Shimizu K, et al. International 
myeloma working group consensus statement for the 
management, treatment, and supportive care of patients 
with myeloma not eligible for standard autologous stem- 
cell transplantation. J Clin Oncol. 2014; 32(6):587-600. 

2. Vallet S and Podar K. New insights, recent advances, and 
current challenges in the biological treatment of multiple 
myeloma. Expert Opin Biol Ther. 2013; 13 Suppl l:S35-53. 

3. Abdi J, Chen G and Chang H. Drug resistance in multiple 
myeloma: latest findings and new concepts on molecular 
mechanisms. Oncotarget. 2013; 4(12):2 186-2207. 

4. Vande Broek I, Vanderkerken K, Van Camp B and Van 



Ret I. Extravasation and homing mechanisms in multiple 
myeloma. Clin Exp Metastasis. 2008; 25(4):325-334. 

5. Van Valckenborgh E, Bakkus M, Munaut C, Noel 
A, St Pierre Y, Asosingh K, Van Riet I, Van Camp 
B and Vanderkerken K. Upregulation of matrix 
metalloproteinase-9 in murine 5T33 multiple myeloma 
cells by interaction with bone marrow endothelial cells. Int 
J Cancer. 2002; 101(6):512-518. 

6. Vande Broek I, Asosingh K, Allegaert V, Leleu X, Facon 
T, Vanderkerken K, Van Camp B and Van Riet I. Bone 
marrow endothelial cells increase the invasiveness of 
human multiple myeloma cells through upregulation of 
MMP-9: evidence for a role of hepatocyte growth factor. 
Leukemia. 2004; 18(5):976-982. 

7. Barille S, Akhoundi C, Collette M, Mellerin MP, 
Rapp MJ, Harousseau JL, Bataille R and Amiot M. 
Metalloproteinases in multiple myeloma: production 
of matrix metalloproteinase-9 (MMP-9), activation of 
proMMP-2, and induction of MMP-1 by myeloma cells. 
Blood. 1997; 90(4):1649-1655. 

8. Skliris A, Labropoulou VT, Papachristou DJ, Aletras A, 
Karamanos NK and Theocharis AD. Cell-surface serglycin 
promotes adhesion of myeloma cells to collagen type I and 
affects the expression of matrix metalloproteinases. Febs J. 
2013;280(10):2342-2352. 

9. Segarra M, Vilardell C, Matsumoto K, Esparza J, Lozano E, 
Serra-Pages C, Urbano-Marquez A, Yamada KM and Cid 
MC. Dual function of focal adhesion kinase in regulating 
integrin-induced MMP-2 and MMP-9 release by human T 
lymphoid cells. Faseb J. 2005; 19(13): 1875-1877. 

10. Esparza J, Vilardell C, Calvo J, Juan M, Vives J, Urbano- 
Marquez A, Yague J and Cid MC. Fibronectin upregulates 
gelatinase B (MMP-9) and induces coordinated expression 
of gelatinase A (MMP-2) and its activator MT1-MMP 
(MMP-14) by human T lymphocyte cell lines. A process 
repressed through RAS/MAP kinase signaling pathways. 
Blood. 1999; 94(8):2754-2766. 

1 1 . Frassanito MA, Rao L, Moschetta M, Ria R, Di Marzo L, 
De Luisi A, Racanelli V, Catacchio I, Berardi S, Basile 
A, Menu E, Ruggieri S, Nico B, Rbatti D, Fumarulo R, 
Dammacco F, et al. Bone marrow fibroblasts parallel 
multiple myeloma progression in patients and mice: in vitro 
and in vivo studies. Leukemia. 2013. 

12. Ra R, Vacca A, Rbatti D, Di Raimondo F, Merchionne 
F and Dammacco F. Alpha(v)beta(3) integrin engagement 
enhances cell invasiveness in human multiple MM. 
Haematologica. 2002; 87(8): 836-845. 

13. Vacca A, Ra R, Presta M, Rbatti D, Iurlaro M, Merchionne 
F, Tanghetti E and Dammacco F. Avb3 integrin engagement 
modulates cell adhesion, proliferation, and protease 
secretion in human lymphoid tumor cells. Experimental 
Hematology. 2001; 29:993-1003. 

14. Bergh JJ, Lin HY, Lansing L, Mohamed SN, Davis FB, 
Mousa S and Davis PJ. Integrin alphaVbeta3 contains a cell 
surface receptor site for thyroid hormone that is linked to 



www.impactjournals.com/oncotarget 



6320 



Oncotarget 



activation of mitogen-activated protein kinase and induction 
of angiogenesis. Endocrinology. 2005; 146(7):2864-2871. 

15. Cohen K, Ellis M, Khoury S, Davis PJ, Hercbergs A and 
Ashur-Fabian O. Thyroid hormone is a MAPK-dependent 
growth factor for human myeloma cells acting via 
alphavbeta3 integrin. Mol Cancer Res. 2011; 9(10):1385- 
1394. 

16. Davis PJ, Davis FB, Mousa SA, Luidens MK and Lin HY. 
Membrane receptor for thyroid hormone: physiologic and 
pharmacologic implications. Annu Rev Pharmacol Toxicol. 
2011; 51:99-115. 

17. Hercbergs A, Davis F, Lin H, Luidens M, Meng R, Ashur- 
Fabian O, Mousa S and Davis P. Integrin-Mediated 
Actions of Thyroid Hormone Analogues on Tumor Cell 
Chemosensitivity, Integrin-Growth Factor Receptor 
Crosstalk and Inflammatory Gene Expression. Cancer and 
Clinical Oncology. 2012; l(l):32-40. 

18. Oki N, Matsuo H, Nakago S, Murakoshi H, 
Laoag-Fernandez JB and Maruo T. Effects of 
3,5,3 '-triiodothyronine on the invasive potential and the 
expression of integrins and matrix metalloproteinases in 
cultured early placental extravillous trophoblasts. J Clin 
Endocrinol Metab. 2004; 89(10):5213-5221. 

19. Trentin AG, De Aguiar CB, Garcez RC and Alvarez-Silva 
M. Thyroid hormone modulates the extracellular matrix 
organization and expression in cerebellar astrocyte: effects 
on astrocyte adhesion. Glia. 2003; 42(4):359-369. 

20. Ribeiro-Carvalho MM, Farias-de-Oliveira DA, Villa- 
Verde DM and Savino W. Triiodothyronine modulates 
extracellular matrix-mediated interactions between 
thymocytes and thymic microenvironmental cells. 
Neuroimmunomodulation. 2002; 10(3): 142- 152. 

21. Villa- Verde DM, de Mello-Coelho V, Farias-de-Oliveira 
DA, Dardenne M and Savino W. Pleiotropic influence of 
triiodothyronine on thymus physiology. Endocrinology. 
1993; 133(2):867-875. 

22. Liao CH, Yeh SC, Huang YH, Chen RN, Tsai MM, Chen 
WJ, Chi HC, Tai PJ, Liao CJ, Wu SM, Cheng WL, Pai LM 
and Lin KH. Positive regulation of spondin 2 by thyroid 
hormone is associated with cell migration and invasion. 
Endocr Relat Cancer. 20 1 0; 1 7( 1 ):99- 1 1 1 . 

23. Dietrich JB, Zaepfel M and Kuchler-Bopp S. Expression 
of intercellular adhesion molecule- 1 in C6 glioma cells 
is up-regulated by thyroid hormone. Neuroreport. 2000; 
ll(13):2855-2860. 

24. Cheng S, Leonard J and Davis P. Molecular aspects of 
thyroid hormone actions. Endocr Rev. 2010; 3 1(2): 139- 170. 

25. Farwell AP, Tranter MP and Leonard JL. Thyroxine- 
dependent regulation of integrin-laminin interactions in 
astrocytes. Endocrinology. 1995; 136(9):3909-3915. 

26. Caers J, Gunthert U, De Raeve H, Van Valckenborgh E, 
Menu E, Van Riet I, Van Camp B and Vanderkerken K. The 
involvement of osteopontin and its receptors in multiple 
myeloma cell survival, migration and invasion in the murine 



5T33MM model. Br J Haematol. 2006; 132(4):469-477. 

27. Vacca A, Ribatti D, Presta M, Minischetti M, Iurlaro M, Ria 
R, Albini A, Bussolino F and Dammacco F. Bone marrow 
neovascularization, plasma cell angiogenic potential, and 
matrix metalloproteinase-2 secretion parallel progression 
of human multiple MM. Blood 1999; 93(9):3064-3073. 

28. Vacca A, Ribatti D, Roccaro AM, Ria R, Palermo L and 
Dammacco F. Bone marrow angiogenesis and plasma cell 
angiogenic and invasive potential in patients with active 
multiple myeloma. Acta Haematol. 2001; 106(4):162-169. 

29. Segarra M, Lozano E, Corbera-Bellalta M, Vilardell 
C, Cibeira MT, Esparza J, Izco N, Blade J and Cid MC. 
Thalidomide decreases gelatinase production by malignant 
B lymphoid cell lines through disruption of multiple 
integrin-mediated signaling pathways. Haematologica. 
2010;95(3):456-463. 

30. Chen YF, Weltman NY, Li X, Youmans S, Krause D and 
Gerdes AM. Improvement of left ventricular remodeling 
after myocardial infarction with eight weeks L-thyroxine 
treatment in rats. J Transl Med. 2013; 1 1:40. 

31. Rae MT, Gubbay O, Kostogiannou A, Price D, Critchley 
HO and Hillier SG. Thyroid hormone signaling in human 
ovarian surface epithelial cells. J Clin Endocrinol Metab. 
2007; 92(l):322-327. 

32. Fu L, Sun G, Fiorentino M and Shi YB. Characterization 
of Xenopus tissue inhibitor of metalloproteinases-2: a 
role in regulating matrix metalloproteinase activity during 
development. PLoS One. 2012; 7(5):e36707. 

33. Chi HC, Chen SL, Liao CJ, Liao CH, Tsai MM, Lin YH, 
Huang YH, Yeh CT, Wu SM, Tseng YH, Chen CY, Tsai 
CY, Chung IH, Chen WJ and Lin KH. Thyroid hormone 
receptors promote metastasis of human hepatoma cells via 
regulation of TRAIL. Cell Death Differ. 2012; 19(11):1802- 
1814. 

34. Chen RN, Huang YH, Lin YC, Yeh CT, Liang Y, Chen 
SL and Lin KH. Thyroid hormone promotes cell invasion 
through activation of furin expression in human hepatoma 
cell lines. Endocrinology. 2008; 149(8):38 17-3831. 

35. Purushothaman A, Chen L, Yang Y and Sanderson RD. 
Heparanase stimulation of protease expression implicates it 
as a master regulator of the aggressive tumor phenotype in 
myeloma. J Biol Chem. 2008; 283(47):32628-32636. 

36. Stefanidakis M and Koivunen E. Cell-surface association 
between matrix metalloproteinases and integrins: role of the 
complexes in leukocyte migration and cancer progression. 
Blood. 2006; 108(5): 1441-1450. 

37. Skandalis SS, Aletras AJ, Gialeli C, Theocharis AD, Afratis 
N, Tzanakakis GN and Karamanos NK. Targeting the tumor 
proteasome as a mechanism to control the synthesis and 
bioactivity of matrix macromolecules. Curr Mol Med. 2012; 
12(8):1068-1082. 

38. Karthik S, Sankar R, Varunkumar K and Ravikumar V. 
Romidepsin induces cell cycle arrest, apoptosis, histone 
hyperacetylation and reduces matrix metalloproteinases 2 



www.impactjournals.com/oncotarget 



6321 



Oncotarget 



and 9 expression in bortezomib sensitized non-small cell 
lung cancer cells. Biomed Pharmacother. 2014. 

39. Ikebe T, Takeuchi H, Jimi E, Beppu M, Shinohara M and 
Shirasuna K. Involvement of proteasomes in migration and 
matrix metalloproteinase-9 production of oral squamous 
cell carcinoma. Int J Cancer. 1998; 77(4):578-585. 

40. Kamat AM, Karashima T, Davis DW, Lashinger L, Bar- 
Eli M, Millikan R, Shen Y, Dinney CP and McConkey 
DJ. The proteasome inhibitor bortezomib synergizes with 
gemcitabine to block the growth of human 253JB-V bladder 
tumors in vivo. Mol Cancer Ther. 2004; 3(3):279-290. 

41. Jones MD, Liu JC, Barthel TK, Hussain S, Lovria E, 
Cheng D, Schoonmaker JA, Mulay S, Ayers DC, Bouxsein 
ML, Stein GS, Mukherjee S and Lian JB. A proteasome 
inhibitor, bortezomib, inhibits breast cancer growth and 
reduces osteolysis by downregulating metastatic genes. Clin 
Cancer Res. 2010; 16(20):4978-4989. 

42. Lee JH, Chiang SY, Nam D, Chung WS, Lee J, Na YS, 
Sethi G and Ahn KS. Capillarisin inhibits constitutive and 
inducible STAT3 activation through induction of SHP- 
1 and SHP-2 tyrosine phosphatases. Cancer Lett. 2014; 
345(1): 140-148. 

43. Himelstein BP, Lee EJ, Sato H, Seiki M and Muschel RJ. 
Transcriptional activation of the matrix metalloproteinase-9 
gene in an H-ras and v-myc transformed rat embryo cell 
line. Oncogene. 1997; 14(16): 1995-1998. 

44. Weis SM, Stupack DG and Cheresh DA. Agonizing integrin 
antagonists? Cancer Cell. 2009; 15(5):359-361. 

45. Mousa SA, Bergh JJ, Dier E, Rebbaa A, O'Connor LJ, 
Yalcin M, Aljada A, Dyskin E, Davis FB, Lin HY and 
Davis PJ. Tetraiodothyroacetic acid, a small molecule 
integrin ligand, blocks angiogenesis induced by vascular 
endothelial growth factor and basic fibroblast growth factor. 
Angiogenesis. 2008; 11(2): 183-190. 

46. Sun CY, Hu Y, Guo T, Wang HF, Zhang XP, He WJ 
and Tan H. Resveratrol as a novel agent for treatment of 
multiple myeloma with matrix metalloproteinase inhibitory 
activity. Acta Pharmacol Sin. 2006; 27(1 1): 1447- 1452. 

47. Davis PJ, Mousa SA, Cody V, Tang HY and Lin HY. Small 
molecule hormone or hormone-like ligands of integrin 
alpha Vbeta3: implications for cancer cell behavior. Horm 
Cancer. 2013; 4(6):335-342. 

48. Lin HY, Tang HY, Keating T, Wu YH, Shih A, Hammond 
D, Sun M, Hercbergs A, Davis FB and Davis PJ. 
Resveratrol is pro-apoptotic and thyroid hormone is anti- 
apoptotic in glioma cells: both actions are integrin and ERK 
mediated. Carcinogenesis. 2008; 29(l):62-69. 

49. Lin HY, Lansing L, Merillon JM, Davis FB, Tang HY, 
Shih A, Vitrac X, Krisa S, Keating T, Cao HJ, Bergh J, 
Quackenbush S and Davis PJ. Integrin alphaVbeta3 
contains a receptor site for resveratrol. Faseb J. 2006; 
20(10): 1742-1744. 



www.impactjournals.com/oncotarget 6322 Oncotarget 



